I c i on emploie 1 'Cquation de Macedo-Litovitz pour l a v i s c o s i t 6 a 1 'Gquilibre. On nontre que l a zone de t r a n s i t i o n vitreuse e s t d&plac6e vers l e s hautes terlip6ratures e t s ' k l a r g i t quand on augmente 1 a vi t e s s e de ref roidissement. Les verres a Tg 6lev6 e.g. S i Q ont une zone de t r a n s i t i o n v i t r e u s e plus l a r g e que 1 e s verres de Tg plus bas n a i s avec une gnergie d ' a c t i v a t i o n similaire.
Abstract. -The method i s described f o r calculating s t r u c t u r a l relaxation i n glasses cooled ver;! rapidly. The n a j o r obstacle f o r t h e calculation was t h e assunption i n t h e original model of Arrhenius behavior f o r t h e equilibrium viscosity. In t h i s paper t h e Macedo-litovitz' hybrid equation i s used f o r t h e equilibrium viscosity. The g l a s s t r a n s i t i o n region i s shown t o s h i f t t o higher tenperatures and t o broaden a s t h e cooling r a t e increases. Glasses v i t h higher Tq e.g. S i Q a r e shown t o have broader g l a s s t r a n s i t i o n region than glasses with 1 ower Tg but s i n i 1 a r activation energy.
Perpetual intensifying and shortening of t h e annealing cycles i n g l a s s manufacturing, t h e advent of f i b e r o p t i c s , metallic glasses and s p l a t cooling technique r a i s e t h e question how t h e g l a s s t r a n s i t i o n occurs a t cooling r a t e s , q, 3 , 5, 7 orders of nagnitude higher than t h e one conventionally used i n t h e laborator:/. I t i s well known t h a t t h e g l a s s t r a n s i t i o n i n t e r v a l w i l l s h i f t t o higher temperatures, o r lower v i s c o s i t i e s a s t h e cooling r a t e increases. That f o m u l a t e s t h e problem.
In t h e s t r u c t u r a l relaxation node1 by MarayanasrJamy [ I ] t h e viscosity i s assumed t o be related t o t h e temperature by Arrhenius equation. According t o tlazurin, S t a r t s e v and Potseluyeva [ 2 ] t h i s i s a good approxination f o r t h e viscosity below the g l a s s t r a n s i t i o n tenperature, T For equilibrium viscosity i t holds only f o r a narrorr temperature i n t e r v a l . Tulcher-vogcl-Tamman o r WLF
equations give b e t t e r r e s u l t s f o r t h e equilibrium viscosity but f a i l t o p r e d i c t Arrhenius dependence below T Therefore we have chosen t o work ~v i t h t h e Macedo and L i t o v i t z [3]
hybrid equayion, incorporating t h e elements of both f r e e volurne and activated flow theory. In Eq. ( I ) , vf i s i n h e r i t a n t l y poorly defined.
An inportant f e a t u r e of v f , i.e. freezing i n t h e g l a s s t r a n s i t i o n region during cooling has not been r e f l e c t e d i n t h e rnathenatical f ornulation. !le have derived and trill pub1 i sh t h e derivation elsellhere, t h e follolring equation f o r vf/vc i n Eq, (1 ) :
where
For some glasses as can be assumed t o be constant and Eq. ( 7 ) becones Eq. ( 4 ) has been used f o r c a l c u l a t i o n of t h e g l a s s t r a n s i t i o n i n t h e FIBS 710 g l a s s cooled a t a r a t e of 1(r2 100, 104, 106 K/nin. The input parameters included y/ao = 2.65*1doK, Q = 3.59010~ K , 170 = 3 . 6 9 9 1~~~ Pa-s, T1 = 253.8 K, q/q, = -10.4*10-4 K-l.
!/hen Tf = T t h e f i r s t t e r n i n t h e brackets i s i n f o m B/(T-T,) of Fulcher equation. \{hen Tf = const. t h i s term i s constant and t h e equation i s Arrhenius. For o t h e r g l a s s e s as
For t h e c a l c u l a t i o n o f Tf ue used t h e nodel developed by Narayanas\rar;l;r [I] .
The r e s u l t s of t h e c a l c u l a t i o n s a r e given i n Fig. 1 . The equilibrium viscosity of FIBS 710 \/as c a r e f u l l y neasured by Napolitano and covtorkers [4] .
The standard deviation of t h e f i t of t h e i r data t o Eq. ( 4 ) given above i s .042 i n t e r n s of l o g q. The quality of t h e f i t i s b e t t e r than t h a t t o Fulcher equation f o r which t h e standard deviation i s .06 [41.
llhen Tf = const. Eq. ( 4 ) predicts Arrhenius behavior 11ith Q = 3.590104 K experinentally found by Mazurin and coworkers [21.
The g l a s s t r a n s i t i o n i s not only s h i f t e d t o higher temperatures but a l s o becomes broader. I t i s shovn b e t t e r i n Fig. 2 . The lower and t h e upper temperatures o f t h e g l a s s t r a n s i t i o n region, i.e. t h e tenperatures TL and Tu, a r e defined i n t h i s work a s t h e tenperatures a t trhich dTf = .O1 and -99 respectively. dT tfov can we r a t i o n a l i z e t h e broadening of t h e g l a s s t r a n s i t i o n a s t h e cooling r a t e increases?
The fundamental feature of g l a s s t r a n s i t i o n i s t h a t t h e s t r u c t u r a l relaxation t i n e , r, increases nuch f a s t e r than t h e real t i n e , t. A t T = Tu, q << t and t h e s t r u c t u r e e a s i l y f o l l o~r s t h e change i n t h e tenperature. A t T = TL, TL >> t and t h e s t r u c t u r e i s frozen. Our calculation shotrs t h a t TL/T" " 4.105 regardless of t h e cooling r a t e . The s t r u c t u r a l relaxation t i n e has t h e sane tenperature dependence a s t h e viscosity. Therefore Fig. 1 can be used t o explai n t h e observed broadening. A t Broadening o f t h e glass t r a n s i t i o n r e g i o n i r i t h increase i n c o o l i n g r a t e (given a t t h e curve i n K/nin) .
h i g h e r temperatures t h e tenperature dependence o f T i s shallower, t h e r e f o r e t h e l i q u i d r r i l l t r a v e l a longer tray on t h e tenperature scale t o a~c u m~i u l a t e t h e 5 orders o f increase i n .r needed f o r t h e g l a s s i f i c a t i o n .
That suggests however t h a t t h e glasses which i n t r i n s i c a l l y have h i g h e r Tg w i l l have broader g l a s s t r a n s i t i o n i n t e r v a l than t h e glasses u i t h t h e lower Tg b u t t h e sane a c t i v a t i o n energy. T h i s i s shown t o be t r u e i n Fig. 3 . kle conpare here a s o d a -l i n e -s i l i c a t e g l a s s ( T = 5 3 0 "~) and Si02 (Tg = 1098°C).
Equations and parameters used f o r calcu?ations are given i n r e f . C51. Fig. 3 . Glass t r a n s i t i o n d u r i n g c o o l i n g and reheating a t a r a t e 3 K / r~i n i n S i 0 2 (1 ) and s o d a -l i n e -s i l i c a t e glass ( 2 ) . Tu = 1253°C f o r S i 0 2 and 588°C f o r s o d a -l i n e -s i l i c a t e glass.
